Duodenal cytochrome b (Dcytb) is a haem protein similar to the cytochrome b561 protein family. Dcytb is highly expressed in duodenal brushborder membrane and is implicated in dietary iron absorption by reducing dietary ferric iron to the ferrous form for transport via Nramp2/DCT1 (divalent-cation transporter 1 )/ D M T 1 (divalent metal-transporter 1). T h e protein is expressed in other tissues and may account for ferric reductase activity at other sites in the body.
Abstract
Duodenal cytochrome b (Dcytb) is a haem protein similar to the cytochrome b561 protein family. Dcytb is highly expressed in duodenal brushborder membrane and is implicated in dietary iron absorption by reducing dietary ferric iron to the ferrous form for transport via Nramp2/DCT1
(divalent-cation transporter 1 )/ D M T 1 (divalent metal-transporter 1). T h e protein is expressed in other tissues and may account for ferric reductase activity at other sites in the body.
Background
Crane and his colleagues [l] suggested the role of a plasma-membrane reductase in iron uptake and provided evidence for diferric transferrin reductase activity in microsomes isolated from liver. Since this time a number of plasma-membrane redox proteins that specifically reduce ferric iron chelates have been identified at the molecular level in yeast as well as plant roots [2] [3] [4] . This provided strong evidence for the requirement of a reduction step prior to uptake of iron by yeast and plant cells. The ferric reductase proteins described in yeast and plant systems belong to the same family as GP91 -phox, a major component of the respiratory burst oxidase found in mammals. In mammals dietary iron is absorbed in the proximal intestine, mainly in the duodenum and it was known for many years that ferrous iron is better absorbed than ferric. The discovery in 1997 that a major 
Characterization of a duodenal ferric reductase activity
T h e presence of such a surface ferric reductase activity in the duodenal mucosa was first described by the Iron Metabolism Group at Kings College London some time before the discovery of D C T l [8,8a] . In that study it was shown that a ferric reductase activity could be measured at the surface of the duodenal mucosa. T h e reductase activity was strongly stimulated by hypoxia and iron deficiency, both of which stimulate increased absorption of dietary iron. In addition it was found that the activity was highest in the duodenum and lowest in the ileum, compatible with the profile of iron absorption along the gut, which is highest in duodenum and lowest in ileum. Attempts to purify the protein responsible for this activity provided evidence that the activity was associated with a b-type haem protein that was immunologically distinct from the NADPH oxidase GP91 -Phox [9] . T h e protein was never successfully purified using biochemical techniques as the haem was lost early in the purification. Given the reasonable homology between GP91 -phox and the yeast and plant ferric reductase proteins one might have expected the duodenal ferric reductase to be a homologous protein. However, degenerate PCR approaches using regions of high homology between the yeast FRE genes and GP91 -phox were unsuccessful in amplifying any GP91 -Phox/FRE homologues from duodenal mucosal cDNA. This suggested another distinct family of 6-type haem proteins was responsible.
Subtractive cloning strategy to identify iron-transport genes
In an attempt to identify other transport genes, including the duodenal ferric reductase, we followed a subtractive cloning strategy. T h e strategy was based on the fact that hypotransferrinaemic (hpx) mice absorb dietary iron at an up to 30 times higher rate than either wild-type or heterozygote mice. Hence hpx mice are a very useful model in which to investigate iron transport, physiologically as well as at the molecular level. Using the duodenal cDNA from a homozygote hpx mouse as the target we subtracted cDNA from ileum in the same mouse and in a second experiment subtracted cDNA from duodenum of a heterozygote. This process generated a cDNA library enriched for genes involved in iron transport. Clones from the subtracted library were then screened for regulation by iron using Northern blotting. This strategy was used successfully to identify the protein responsible for transport of iron across the basolateral membrane, Iregl [lo] .
Identification of a cDNA encoding a plasma-membrane reductase
Duodenal cytochrome 6 (Dcytb) along with Iregl and Nramp2 where among the first clones identified as candidate genes involved in iron absorption due to their very high expression in duodenum and the fact the mRNAs were all highly induced by iron deficiency, hypoxia and hypotransferrinaemia [ll] . T h e protein sequence of Dcytb revealed itself as a close homolgue of cytochrome 6561.6561 is a 6-type haem plasma ferric reductase highly expressed in chromaffin granule membranes in the adrenal medulla [12] . T h e role of cytochrome 6561 is to reduce granular dehydroascorbate to ascorbate by transporting an electron donated by cytoplasmic ascorbate across the granular membrane [13] . This regenerated ascorbate is essential for enzymic reactions in the granule. In addition to cytochrome 6561, Dcytb was identical to the N-terminus of a protein called P30 (named because the protein was approx. 30 kDa), which had been deposited in the Swissprot database [14, 15] . Interestingly, P30 had been identified by chance by a group attempting to purify GP91-phox from rabbit neutrophil membranes. T h e haem spectra of P30 was virtually 723 identical to the spectra obtained from duodenal brush-border membrane vesicles. This suggested that the biochemical characteristics of the duodenal reducase and P30/Dcytb (referred to hereafter as Dcytb) were similar. It is noteworthy that Dcytb, although a 6-type cytochrome, does not share any homology with the GP91 -phox or any of the ferric reductase proteins described previously in yeast or plants. This indicates that the mammalian ferric reductases evolved differently to yeast and plant systems.
Dcytb is regulated by iron and is responsible for the ferric reductase activity in duodenum
Dcytb mRNA and protein levels in the duodenum respond to changes in iron status, as would be expected for a protein involved in iron transport. Both mRNA and protein levels increase in conditions that stimulate iron absorption, such as iron deficiency and hypoxia, and are reduced by iron loading. Immunocytochemistry using antibodies for Dcytb clearly shows strong staining of the brush-border membrane. Further work revealed that duodenual reductase activity measured using either Nitro Blue Tetrazolium or ferric nitrilotriacetate as an assay system for ferric reductase was very significantly inhibited by just a few minutes of preincubation of the tissue with antibody for Dcytb [ l l ] . This provided strong evidence that Dcytb was indeed responsible for the duodenal ferric reductase activity.
Dcytb expression in other cells: role in host defence and the transferrin cycle?
Since the identification of Dcytb as the duodenal ferric reductase our group has been interested in the finding that Dcytb is expressed in other cell types, particularity in neutrophils. We have detected Dcytb in various mouse tissues, including spleen, liver and brain, as well as various cultured cells, including HuTu80, CaCo and HL-60 cells, where plasma-membrane ferric reductase activities have been described.
As proposed by Crane and colleagues [l] , a diferric reductase involved in transferrin iron uptake has been described in the literature and a ferric reductase activity would be required in the tranferrin cycle. Is it possible that Dcytb also accounts for this activity ? Expression of Dcytb is low in liver, which is where the diferric transferrin reductase activity was described and where high transferrin cycling would be expected. Despite the low expression in liver it remains possible that Dcytb or a similar protein is responsible for this activity. One cell type with high levels of Dcytb is the neutrophil, where, as mentioned earlier, Dcytb was fortuitously purified along with GP91 -phox. These data indicate a high level of expression of Dcytb in neutrophils. It seems unlikely that Dcytb plays a role in the surface reduction of nontransferrin-bound iron for uptake into the cells as neutrophils would be able to use diferric transferrin as an iron source. An alternative is that Dcytb could be involved in host defence. This is because the superoxide and H,O, produced by the respiratory burst oxidase (of which GP91 -phox is a component) are thought to be quite slow to react. However, in the presence of ferrous iron (generated by Dcytb) these could form the basis for Fenton chemistry which would generate the highly reactive hydroxyl radical. This could then aid lipid peroxidation of membranous pathogens in the phagosome. Future work will address the role of Dcytb in host defence.
